We analyse the orbital kinematics of the Milky Way (MW) satellite system utilizing the latest systemic proper motions for 38 satellites based on data from Gaia Data Release 2. Combining these data with distance and line-of-sight velocity measurements from the literature, we use a likelihood method to model the velocity anisotropy, β, as a function of Galactocentric distance and compare the MW satellite system with those of simulated MW-mass haloes from the APOSTLE and Auriga simulation suites. The anisotropy profile for the MW satellite system increases from β ∼ −2 at r ∼ 20 kpc to β ∼ 0.5 at r ∼ 200 kpc, indicating that satellites closer to the Galactic centre have tangentially-biased motions while those farther out have radiallybiased motions. The motions of satellites around APOSTLE host galaxies are nearly isotropic at all radii, while the β(r) profiles for satellite systems in the Auriga suite, whose host galaxies are substantially more massive in baryons than those in APOSTLE, are more consistent with that of the MW satellite system. This shape of the β(r) profile may be attributed to the central stellar disc preferentially destroying satellites on radial orbits, or intrinsic processes from the formation of the Milky Way system.
INTRODUCTION
Our presence within the Local Group offers it a special importance in astronomy. It is the only part of the Universe where we can detect small (M * 10 5 M ) dwarf galaxies, resolve their stellar populations, and study their internal properties and kinematics. As the most dark-matter dominated galaxies in the Universe (McConnachie 2012) , these dwarfs provide crucial tests of the current structure formation paradigm -cold dark matter with a cosmological constant (ΛCDM).
While several predictions of ΛCDM (e.g. large scale structure, temperature anisotropies of the cosmic microwave background) PM Simon (2018) 17 M V > −8, d < 100 kpc, w/ RV Match RV members in DR2 2/8/68 Fritz et al. (2018) (F18) 39 r < 420 kpc w/ RV Match RV members in DR2 2/18/2527 13 possible satellites of LMC Iterative, initial from RV (F18) 3/11/110 Massari & Helmi (2018) 7 M V < −2.5, d < 70 kpc Iterative, initial from RV or HB 29/53/189 Pace & Li (2018) 14 satellites in DES footprint Probabilistic, incorporated DES DR1 5/15.5/67 Table 1 . Summary of Gaia DR2 proper motion studies used in this analysis. N sats is the number of satellites for which a proper motion was reported in the study. N stars is the minimum/median/maximum number of stars for the list of satellites in the study. RV refers to spectroscopic radial velocity data, HB to photometric horizontal branch data. See Section 2 for further information.
in DMO simulations are incompatible with observational constraints on the MW satellites, and possibly also with those of field dwarf galaxies within the Local Group, (the too-big-to-fail problem; Boylan-Kolchin et al. 2011 Tollerud et al. 2014; GarrisonKimmel et al. 2014; Papastergis et al. 2015) .
• A large fraction of satellites seem to be located on a co-rotating plane around their host galaxy, a rare configuration in ΛCDM simulations (the plane-of-satellites problem; Lynden-Bell 1976; Kroupa et al. 2005; Libeskind et al. 2005; Ibata et al. 2013; Pawlowski & Kroupa 2013; Müller et al. 2018; Fritz et al. 2018 , see Pawlowski 2018 for a recent review).
The inclusion of galaxy formation physics -specifically the early reionization of hydrogen and supernovae feedback -provides a simple solution to the "missing satellites" problem. (Bullock et al. 2000; Benson et al. 2002; Somerville 2002 ). This conclusion has been reinforced by cosmological hydrodynamic simulations that follow galaxy formation (Okamoto & Frenk 2009; Macciò et al. 2009; Brooks & Zolotov 2014; Wetzel et al. 2016; Simpson et al. 2018; Garrison-Kimmel et al. 2018) . The hydrodynamic simulations also provide a plausible solution to the too-big-to-fail problem (Sawala et al. 2016; Wetzel et al. 2016; Garrison-Kimmel et al. 2018) . The third challenge has proven more difficult; some analyses have concluded that a thin planar configuration of satellites is extremely unusual in ΛCDM (Pawlowski et al. 2012; Gillet et al. 2015) , but a detailed statistical analysis (taking account of the "look elsewhere effect") suggests that thin satellite planes like that of the MW and M31 occur in about 10% of galactic systems (Cautun et al. 2015) .
Studies of the planes of satellites generally focus on two aspects of satellite kinematics: the clustering of orbital poles and the reconstruction of satellite orbits. The orbital poles of the MW satellites are more clustered than an isotropic distribution, with strong clustering measured for 8 of the 11 classical satellites (Pawlowski & Kroupa 2013) . Orbit reconstruction is more challenging since the outcome is sensitive to the total and radial distribution of mass in the Milky Way, which are uncertain (Bovy 2015; McMillan 2017 ; see Figure 7 of Callingham et al. 2018 for a comparison of recent measurements of the total mass). This translates into large uncertainties in the reconstructed orbits, making comparisons to theoretical predictions less informative.
To study the orbit structure of the satellite population in a potential-independent way, Cautun & Frenk (2017) used the velocity anisotropy, β, to characterize the orbital properties of the satellites. Introduced by Binney (1980) to quantify the orbital structure of a spherical system, β is most commonly used in spherical Jeans equation modeling to recover the mass of a system. In a Galactocentric spherical coordinate system where r corresponds to radial distance, θ the polar angle, and φ the azimuthal angle, β is defined as:
where σ r , σ θ , σ φ are the velocity dispersions along each coordinate direction. The β parameter can take values in the range −∞ to 1, where β = 1 corresponds to radial orbits plunging in and out of the Galactic centre, β → −∞ to circular orbits, and β = 0 to velocities being isotropically distributed at each point.
In this paper, we compare the kinematics of the Milky Way satellites to expectations from ΛCDM using state-of-the-art cosmological hydrodynamic zoom (Katz & White 1993; Frenk et al. 1996; Oñorbe et al. 2014) simulations: APOSTLE (A Project Of Simulating The Local Environment; Fattahi et al. 2016; Sawala et al. 2016) and Auriga . By focusing on β, our results only depend on the present-day kinematics of the MW satellites and not the total or radial distribution of MW mass. We use the latest satellite proper motion measurements as deduced from Gaia's second data release (DR2; Gaia Collaboration et al. 2018a) , increasing the number of satellites used in an anisotropy analysis from the 10 in Cautun & Frenk (2017) to 38. Furthermore, we utilize a likelihood method to determine the intrinsic σ i 's of the MW satellite system. This more robust method, combined with the increased number of satellites spread over a wide range of Galactocentric distances (∼ 15 − 250 kpc), allows us to perform the first measurement of β(r) for the satellites of the Milky Way. This paper is organized as follows. In Section 2 we review the new Gaia DR2 proper motions for MW satellites included in our analysis. In Section 3 we describe the cosmological hydrodynamic zoom simulations that provide our predictions within ΛCDM. In Section 4 we detail our methodology for computing β. In Section 5 we present the main results of our analysis and in Section 6 we provide a possible interpretation of these results. In Section 7 we present our conclusions.
PROPER MOTIONS
The public release of Gaia DR2 has profoundly impacted nearfield cosmology in a very short period of time. The data release contains an all-sky catalog of the five-parameter astrometric solution (position on the sky, parallax, and proper motion) for more than 1.3 billion sources (Gaia Collaboration et al. 2018a) . These data have already been used in multiple studies of the kinematics of the Milky Way's stellar halo (e.g. Deason et al. 2018) , satellites (e.g. Callingham et al. 2018 ) and globular clusters (e.g. Vasiliev 2018) .
We use results from six studies (see Table 1 for a summary) which derive Gaia DR2 proper motions for MW satellites with comparable precision to those derived using the Hubble Space Telescope (for a review of proper motions with HST, see van der Marel et al. 2014) . Gaia Collaboration et al. (2018b) demonstrated Gaia DR2's ability to constrain proper motions for the Magellanic Clouds, the classical (pre-SDSS) satellites, and ultra-faint dwarf Boötes I. Simon (2018) presented the first proper motions for many nearby (< 100 kpc) ultra-faint dwarf galaxies, while Fritz et al. (2018, hereafter F18) extended the limit out to 420 kpc with the largest sample of 39 satellites. derived proper motions for satellites located near the Magellanic Clouds, motivated by the possibility that some of them may be satellites of the LMC itself. Massari & Helmi (2018) computed proper motions for seven dwarfs, three of which do not have spectroscopic information. Pace & Li (2018) presented a probabilistic method of determining systemic proper motions that utilized the superb photometry from the first public data release of the Dark Energy Survey (DES Collaboration et al. 2018) .
The full list of satellites that we consider in this analysis is presented in Table A1 , along with a summary of their properties. For this analysis we only consider satellites out to 300 kpc from the Galactic centre. We omit globular clusters and satellites whose nature is still under debate (e.g. Crater I; Kirby et al. 2015; Voggel et al. 2016) . We also do not consider overdensities that are thought to be tidally disrupting dwarf galaxies: Boötes III (Carlin et al. 2009; Carlin & Sand 2018) , Canis Major (Martin et al. 2004) , and Hydra I (Hargis et al. 2016) . Furthermore, we restrict our analysis to satellites which have published line-of-sight velocities in order to have full 6-D kinematic information.
Galactocentric coordinates
In order to convert the line-of-sight velocity and proper motion measurements into Galactocentric coordinates, we use the distance measurements from Table A1 . The Galactocentric Cartesian coordinates are then computed assuming a distance from the Sun to the Galactic centre of 8.2 ± 0.1 kpc, a height of the Sun relative to the Galactic plane of 25 ± 5 pc, and a solar motion relative to the Galactic centre of (10±1, 248±3, 7±0.5) km s −1 (Bland-Hawthorn & Gerhard 2016), in a frame where the x-axis points from the position of the Sun projected on to the Galactic plane to the Galactic centre, the y-axis points towards Galactic longitude l = 90 • (i.e. in the direction of Galactic rotation), and the z-axis points towards the North Galactic Pole. This right-handed Cartesian system is then converted into spherical coordinates, with r the distance from the Galactic centre, polar angle θ defined from the z-axis, and azimuthal angle φ defined from the x-axis such that the Galactic rotation is in the −φ direction.
We perform 2,000 Monte Carlo simulations drawing satellite proper motions, line-of-sight velocities, and heliocentric distances randomly from Gaussian distributions centred on their measured values with dispersions given by their respective errors. When drawing the proper motions we account for the correlation between µ α * ≡ µ α cos δ and µ δ if provided in the proper motion study. The randomly drawn kinematic properties are then converted into Galactocentric spherical coordinates as described in the previous paragraph. The resulting Galactocentric positions and velocities (and corresponding uncertainties), obtained directly from the observed distance, line-of-sight velocity, and proper motion measurements, are summarized in Table A2 . The tangential velocity excess of the MW satellites, as indicated by a low ratio of radial to total kinetic energy V 2 rad /V 2 tot , is demonstrated in Figure 1 .
Sample selections
It is important to note that the proper motions derived by both Simon (2018) and F18 were based only on matching spectroscopically confirmed member stars with Gaia DR2 data, in some cases depending on very few (N ∼ 2 − 5) stars to derive a systemic proper motion. The small number statistics could lead to a biased result; Massari & Helmi (2018) found that the subsample of spectroscopic members in Segue 2 used by Simon (2018) and F18 is systematically shifted in proper motion space relative to the full sample recovered using their iterative method. To avoid problems from this potential bias, as well as to confirm that our results do not depend strongly on the systematics associated with a particular study, we consider three different samples of proper motion data in our analysis:
(i) 36 of the satellites from F18, plus the LMC and SMC (this is the full list of satellites in Table A1 );
(ii) a "gold" sample constructed by prioritizing studies which included steps in their analysis to increase the sample of member stars beyond the spectroscopic sample. For example, Pace & Li (2018) used a probabilistic method incorporating photometry from the first public data release of the Dark Energy Survey (DES Collaboration et al. 2018) . This "gold" sample consists of 32 satellites, with proper motions taken from the five other previous studies.
(iii) the same 32 satellites from the "gold" sample, but using the F18 proper motions.
Since Gaia DR2 proper motions for the Magellanic Clouds have only been reported by Gaia Collaboration et al. (2018b) , we use these proper motion measurements in all samples. The exact study used for each satellite in the "gold" sample is shown in Table  A1 . As detailed in Section 5, we find that our results do not depend on which sample is used. We focus on the results for the full 38 satellite sample using F18 proper motions in the following sections. 
COSMOLOGICAL SIMULATIONS
To compare our results with the expectations from the standard ΛCDM cosmology, we utilize suites of self-consistent cosmological hydrodynamic zoom simulations of Local Group analogs, APOS-TLE (Fattahi et al. 2016; Sawala et al. 2016) , and of Milky Way analogs, Auriga ). These two simulation suites have similar resolution and include similar baryonic processes (e.g. star formation, stellar, supernova and black hole feedback, uniform background UV field for reionization), though the numerical methods and prescriptions for subgrid physics are different (see references in following subsections for details). We also analyse dark-matter-only runs from these suites for comparison.
APOSTLE
The APOSTLE project is a suite of cosmological hydrodynamic zoom simulations of twelve volumes using the code developed for the EAGLE project (Schaye et al. 2015; Crain et al. 2015) . The galaxy formation model includes metallicity-dependent star formation and cooling, metal enrichment, stellar and supernova feedback, homogeneous X-ray/UV background radiation (hydrogen reionization assumed at z r eion = 11.5), supermassive black-hole formation and growth, and AGN activity (Booth & Schaye 2009; RosasGuevara et al. 2015) . The full details of the subgrid physics can be found in Schaye et al. (2015) . The APOSTLE volumes were selected to have similar dynamical properties as the Local Group; the full selection procedure is described in Fattahi et al. (2016) and a discussion of the main simulation characteristics is given in Sawala et al. (2016) . In summary, each volume consists of a MW/M31-like pair of haloes with virial mass 1 ranging from 0.5 − 2.5 × 10 12 M , separated by 800 ± 200 kpc, approaching with radial velocity < 250 km s −1 and tangential velocity < 100 km s −1 . The haloes are isolated, with no additional halo larger than the smaller of the pair within 2.5 Mpc of the midpoint between the pair, and in environments where the Hubble flow is relatively unperturbed out to 4 Mpc.
The volumes were simulated at three resolution levels, the highest of which (and the only level considered here) has primordial gas (DM) particle masses approximately 1.0(5.0) × 10 4 M , with a maximum force softening length of 134 pc. Five volumes have been simulated so far at this resolution, corresponding to AP-01, AP-04, AP-06, AP-10, and AP-11 in Table 2 of Fattahi et al. (2016) . Each halo in a pair is treated separately in this analysis, resulting in ten high-resolution APOSTLE haloes being considered in this work. The simulations adopt the WMAP-7 cosmological parameters (Komatsu et al. 2011) : Ω M = 0.272, Ω Λ = 0.728, h = 0.704, σ 8 = 0.81, and n s = 0.967.
Auriga
The Auriga simulations ) are a suite of cosmological magnetohydrodynamic zoom simulations of single MW-like haloes with virial masses in the range 1 − 2 × 10 12 M . They were performed with the moving mesh code AREPO (Springel 2010) and a galaxy formation model that includes primordial and metal line cooling, a prescription for a uniform background UV field for reionization (completed at z = 6), a subgrid model for star formation and stellar feedback (Springel & Hernquist 2003) , magnetic fields (Pakmor et al. 2014 , and black hole seeding, accretion, and feedback. The Auriga haloes were identified as isolated 2 in the z = 0 snapshot of the parent dark-matter-only simulation with a 100 Mpc box-side length of the EAGLE project introduced in Schaye et al. (2015) . The simulations assumed the Planck Collaboration et al. The volumes were simulated at three resolution levels, the highest of which (and the only level considered here) has baryonic element (DM particle) masses approximately 0.5(4.0) × 10 4 M , with a maximum force softening length of 185 pc, comparable to the highest resolution for APOSTLE. Thus far, six haloes have been resimulated at this high resolution, corresponding to Au6, Au16, Au21, Au23, Au24, and Au27 in Table 1 of Grand et al. (2017) .
Stellar discs
Even though the APOSTLE and Auriga haloes have similar virial masses, the difference in their baryon content at z = 0 affects the shape and depth of their potentials (and hence the dynamics of their satellite systems). A main difference between the two simulation suites is the mass and morphology of the stellar discs of their main galaxies. 3 The Auriga simulations are able to produce radially extended and thin discs, with sizes comparable to that of the MW , while their total stellar masses are slightly higher, close to 10 11 M , than that of the MW. By contrast, the APOSTLE host galaxies have morphologies that are less in APOSTLE (blue) and Auriga (orange) compared to that of the MW satellites (black). The deepening of the potential in Auriga haloes results in a less centrally concentrated radial distribution compared to APOSTLE, due to more subhaloes being destroyed. The "corrected" contours (magenta) correspond to matching the radial distribution but not number of satellites (see Section 3.4 for details) for both suites. Solid curves indicate the median and shaded regions the total spread. disky with relatively low stellar mass, ∼ 10 10 M . 4 A summary of properties for each simulation run is shown in Table 2 .
The total circular velocity profiles, V circ = GM(< r)/r, for the two simulations are shown in Figure 2 . The different behaviour of the APOSTLE haloes (blue curves) compared to the NFW circular velocity profile (black dashed curve) is due to the contraction of haloes in response to the presence of baryons. The much larger difference in the circular velocity profiles between the two simulation suites is due to the more massive stellar discs in Auriga (orange curves) combined with the enhanced dark matter contraction.
These differences are useful in quantifying the effect of a stellar disc on β. The deepening of the potential due to the large baryonic disc, combined with the non-spherical potential of the disc, can affect the tidal stripping of subhaloes. Hydrodynamic simulations suggest that tidal effects from baryonic disc near the centre of a host halo can reduce the number of dark substructures by up to a factor of two (Brooks & Zolotov 2014; Zhu et al. 2016; Sawala et al. 2017; Nadler et al. 2018b) , an effect that is reproduced in DMO simulations with an embedded disc potential (D'Onghia et al. 2010; Yurin & Springel 2015; Garrison-Kimmel et al. 2017b ). This tidal disruption preferentially affects radial orbits that come close to the disc (Garrison-Kimmel et al. 2017b) , implying that surviving subhaloes in the inner regions should be on circularly orbits, resulting in a lower β near the centre.
Matching the data
We additionally explore the effect of matching the radial distribution of the simulated systems with that of the MW satellites on the inferred β(r) profile. We begin by considering all subhaloes which, at z = 0, have maximum circular velocity V max > 5 km s −1 (a conservative resolution limit for both APOSTLE and Auriga). These subhaloes are a mix of dark and luminous; typically ∼ 4% contain stars in APOSTLE and ∼ 15% contain stars in Auriga (see Table  2 ). We consider two scenarios: (1) matching the radial distribution and (2) additionally matching the abundance of satellites. When matching both, we simply find the closest subhalo in radius to each satellite (selecting without replacement). When only matching the radial distribution and not the abundance, we select subhaloes based on the following inverse transform sampling method:
(i) Compute the cumulative distribution function (CDF) of satellites with respect to radius from the Milky Way centre.
(ii) Generate a random number uniformly between 0 and 1 and map that number to a radius using the CDF from step 1.
(iii) Select the closest subhalo to that radius and add it to the sample if it is within 5 kpc of the randomly generated value. This subhalo is removed from possible selection in the future, i.e. without replacement.
(iv) Repeat steps (ii)-(iii) until a radius is generated that does not have a subhalo match within 5 kpc.
The 5 kpc cutoff is meant to strike a balance between increasing the number of subhaloes in the sample (higher cutoff) and providing a close match to the radial distribution of MW satellites (lower cutoff). Our results are not sensitive to the exact value of this cutoff. Using this method, we typically find radial distributions that are much closer to the MW satellite distribution than that of the original subhalo populations (see Figure 3 ).
LIKELIHOOD ANALYSIS
We seek to model the orbital kinematics of Milky Way satellites and compare the results with those of cosmological simulations using the velocity anisotropy parameter β. Two models are considered: (1) a uniform, constant value of β at all radii and (2) one in which β varies as a function of Galactocentric distance. To determine the posterior probability densities for each model, we use emcee (Foreman-Mackey et al. 2013) , an implementation of the affine-invariant ensemble sampler for Markov chain Monte Carlo (MCMC).
Framework and uniform model
We assume that the velocity distribution of the MW satellite system in Galactocentric spherical coordinates (r, θ, φ) is a multivariate Gaussian with different means and dispersions in each direction. The resulting likelihood F i for a given satellite i with velocity
where v sys = (v r , v θ , v φ ) are the intrinsic mean velocities of the system and the covariance matrix is
Here, (σ r , σ θ , σ φ ) are the intrinsic dispersions of the system and (δ r , δ θ , δ φ , C r θ , C r φ , C θφ ) are the observed measurement errors and correlation coefficients for the velocities of the given satellite, which are obtained from the 2,000 Monte Carlo samples described in Section 2.1. Due to the conversion from heliocentric to Galactocentric spherical coordinates, the resulting satellite velocity errors are not necessarily Gaussian in each component. We find that approximating the errors as Gaussian is reasonable in most cases, though Draco II, Tucana III, and Willman 1 show significant skewness and kurtosis in both v θ and v φ .
The combined log-likelihood for the full satellite sample is then
where
is the likelihood function used to probe the model parameter space with emcee.
The first model we consider assumes uniform velocity dispersions at all radii, resulting in a constant value for β. We impose spherical symmetry by requiring v r = v θ = 0 and σ 2 θ = σ 2 φ . In total this model then has 3 free parameters: a mean rotational motion v φ and dispersions σ r and σ θ . We assume uniform priors for the mean motion −500 < v φ < 500 km s −1 as well as for the dispersions 0 < σ i < 300 km s −1 . We repeat the analysis with Jeffreys prior −3 < log 10 σ i < 3 and find that this does not meaningfully change our results.
Variable dispersions with radius
To take advantage of the increased number of satellites with proper motions over a wide range of Galactocentric distances, we include a separate likelihood analysis in which we adopt a simple model for the velocity dispersion to vary as a function of radius in each coordinate j:
where σ j,0 and r j,0 are the characteristic dispersion and length scales and α j is the slope of the fall off at large radii. We then use the same likelihood function as in Section 4.1 (specifically Equation 5) with the additional parameters introduced in Equation 6. The β(r) profile then follows from Equation 1.
As in the uniform model, we impose spherical symmetry by requiring v r = v θ = 0 and σ 2 θ (r) = σ 2 φ (r). In total this model then has 7 parameters: a mean rotational motion v φ (which is held constant with r), the characteristic dispersion and length scales σ i,0 and r i,0 , and the slope α i , for both Galactocentric spherical coordinates r and θ. We assume the same uniform prior for the mean motion −500 < v φ < 500 km s −1 as in the uniform β analysis. For the σ i (r) parameters we assume uniform priors 50 < σ i,0 < 1000 km s −1 , 10 < r i,0 < 1000 kpc, and 0 < α i < 10. We repeat the analysis with Jeffreys priors −3 < log 10 σ i,0 < 3 and −3 < log 10 r i,0 < 3 and again find that this change of priors does not meaningfully change our results. 
RESULTS
We now present the resulting posterior probability densities for β(r) for the MW satellite system using the models described above. We show that satellites within r 100 kpc have more tangentiallybiased motions (lower β) than those farther away. This result is also seen in simulated MW analogs, but it is difficult to disentangle effects due to the central stellar disc from those imprinted at formation. From here onwards, we refer to dark-matter-only simulations from the APOSTLE and Auriga suites collectively as "DMO" and the haloes simulated with baryonic physics by their suite name.
Uniform β model
The posterior distribution of parameters for the uniform β model for the MW satellites is shown in Figure 4 and the resulting posterior for β is shown in Figure 5 (blue curve). We find that the satellites are overall on near tangential orbits, with β = −1.05 +0.39 −0.49 . We do not find significant evidence for rotation parallel to the plane of the Milky Way (v φ = −13 +20 −20 km s −1 ). Our uniform β result agrees within 2σ with the result of Cautun & Frenk (2017) . These authors find β = −2.2 ± 0.4 (gray box in Figure 5 ) using HST proper motions of only 10 of the brightest satellites and simply computing β from Monte Carlo realizations of the MW satellite system using observational errors. Using updated Gaia DR2 proper motions and our likelihood method, our result for that same subsample of 10 satellites is β = −1.53 +0.89 −1. 23 (blue box in Figure 5 ), which is consistent with Cautun & Frenk (2017) with the small offset due to different input data and analysis techniques.
To better understand the results from the variable β(r) model, Posterior distribution Cautun & Frenk (2017) all r < 100 kpc r > 100 kpc Figure 5 . Posterior distributions for β assuming the uniform model. The results are shown using all satellites (blue), satellites within 100 kpc (orange), and satellites outside of 100 kpc (green), using F18 proper motions. The result from Cautun & Frenk (2017) is shown as a gray box and our analog result using the same 10 brightest satellites is shown as a blue box, where the solid line corresponds to the median and the shaded region to the 16 − 84% confidence interval. The vertical black dashed line corresponds to the isotropic case β = 0.
we examine two radial bins. We split the satellites into two populations, one with r < 100 kpc (23 satellites) and the other with r > 100 kpc (15 satellites), and perform the same uniform β analysis on each. The inner and outer regions clearly have different posterior distributions ( Figure 5 , orange and green curves respectively), with the inner region having a more negative (i.e., more tangentially biased) β posterior than the outer region. These results do not change when considering each of the different proper motion samples described in Section 2.2. This supports the finding in the β(r) model (discussed below) that satellites in the inner region (r 100 kpc) have more tangentially-biased motions than those farther away.
Variable β model
The posterior distribution for the parametrized β(r) model is shown in Figure 6 . We find that the radial profile dips in the inner (< 100 kpc) region to β ∼ −2 at r ∼ 20 kpc and flattens out to β ∼ 0.5 in the outer region. This again indicates that satellites near the centre of the Milky Way have tangentially-biased motions, while satellites in the outer region have more radially-biased motions. Using the different proper motion samples described in Section 2.2 does not impact the results; the "gold" sample and "gold" satellites with F18 proper motions have nearly the same β(r) profile. Furthermore, this dip in β does not appear to be dependent on a particular satellite or population of satellites. We repeated the analysis removing Sagittarius (which has a well-constrained proper motion at r ∼ 18 kpc), removing satellites with luminosities above or below the median luminosity, and removing candidate satellites of the LMC identified by : Horologium I, Carina II, Carina III, and Hydrus I. None of these different input samples changed the inferred β(r) profile in a meaningful way (excluding candidate LMC satellites had the largest impact, reducing the inner dip to β ∼ −1.6).
Taken together, these results indicate that satellites closer to the Galactic centre have more tangentially-biased (near-circular) motions than those farther away. This dip in β(r) could be a reflection of the destruction of substructure by the central stellar disc, as discussed by Sawala et al. (2017) and Garrison-Kimmel et al. (2017b) . To interpret this result for the MW satellite system, we move on to analyse the simulated systems in the APOSTLE and Auriga suites using the same methods.
Simulations
The posterior distributions for the β(r) profiles of simulated MW analogs are shown in Figure 7 . When considering all subhaloes with V max > 5 km s −1 (top row), it is clear that the presence of a massive stellar disc affects the radial β profile. The β(r) profiles for DMO hosts are nearly flat at β ∼ 0, indicating isotropic motions at all radii. The inclusion of baryons in APOSTLE does not have a noticeable effect on the β(r) profiles, which are very similar to DMO. Only the Auriga haloes exhibit a dip in the β profile near the centre, resulting from the massive central disc preferentially destroying radial orbits that pass near the galaxy.
However, the β(r) profile estimates of our simulated systems are sensitive to the radial distribution of the subhaloes. Matching the radial distribution of subhaloes with that of the MW satellites, following the procedure described in Section 3.4, results in similar β(r) estimates in some systems that do not contain stellar discs; the estimates for some of the APOSTLE and even DMO systems become consistent with the results for the MW satellites (second row Figure 7 ). This similarity is even more pronounced when the subhaloes are also selected to match the total number of MW satellites in addition to the radial distribution (third row Figure 7 ).
While these corrections bring some DMO and APOSTLE estimates of β(r) in line with that of the MW, the Auriga systems still provide the best agreement. There are many corrected DMO and APOSTLE systems that still have β ∼ 0 near the centre, but only a few corrected Auriga profiles that do not have a dip in β. These results suggest that the dip in the β profile for the MW satellite system is likely best explained by effects due to the stellar disc, but also is sensitive to the radial distribution of tracers considered. Finally, we also consider the sample of subhaloes in APOS-TLE and Auriga that contain stars at z = 0 (M * > 0, bottom row Figure 7 ). Nearly every β(r) profile matches that of the full subhalo population, albeit with increased scatter due to a smaller sample size (see Table 2 for the number in each population). The only exception is the less massive halo of AP-01 (brown, bottom row, centre panel of Figure 7 ), whose β profile is shifted to lower values at all radii but maintains the same shape. The agreement between the β(r) profiles when considering all subhaloes vs. the subsample containing stars suggests that the β profile (corrected for observational distance biases) traced by the MW satellites is likely indicative of the intrinsic profile for the MW, unaffected by the complex physics that dictate which subhaloes are populated by satellites Garrison-Kimmel et al. 2017a; Nadler et al. 2018a ).
DISCUSSION
It is clear from our results that dwarf galaxy satellites closer to the centre of the Milky Way have tangentially-biased motions while those farther from the centre have radially-biased motions. In this Section we explore some interpretations of the β(r) profile and place our results in the context of those from other tracers.
Stellar disc
The inclusion of baryonic processes in cosmological simulations has helped resolve a number of small-scale challenges to ΛCDM. A notable effect is the destruction of substructure due to the potential of a massive stellar disc. Brooks & Zolotov (2014) found that 6 of the 8 subhaloes in a DMO simulation that did not have a baryonic simulation counterpart had pericentric passages that took them within 30 kpc of the galaxy centre. Sawala et al. (2017) found that the presence of baryons near the centre of APOSTLE haloes reduces the number of subhaloes by factors of ∼ 1/4 − 1/2 independently of subhalo mass but increasingly towards the host halo centre. Garrison-Kimmel et al. (2017b) found similar destruction of subhaloes in the Latte simulation suite and showed that simply embedding a central disc potential in DMO simulations reproduced these radial subhalo depletion trends, arguing that the additional tidal field from the central galaxy is the primary cause of subhalo depletion (see also D'Onghia et al. 2010; Yurin & Springel 2015; Errani et al. 2017) . We also note that Zhu et al. (2016) found similar results in simulations using the AREPO code, the same code with which Auriga was performed.
A central stellar disc, whether artificially embedded in DMO simulations or formed through the inclusion of baryonic physics, preferentially destroys subhaloes on radial orbits that pass close to the disc. The surviving population then has tangentially-biased motions compared to DMO (Sawala et al. 2017; Garrison-Kimmel et al. 2017b) , which is expected to be reflected in a lower value of β. However, there is also a radial dependence of β which has not yet been explored; with increasing distance from the central galaxy the destructive effects of the disc potential weaken, causing the β(r) profile to rise to β ∼ 0.5 in the outer region (100 kpc < r < R vir ) Posterior distribution for the simulated systems assuming the parametrized β(r) model. From left to right the columns correspond to: dark matter-only versions of both APOSTLE and Auriga, APOSTLE with baryons, and Auriga with baryons. From top to bottom the rows correspond to different subhalo populations: the full sample of subhaloes (V max > 5 km s −1 ), matching the radial distribution of MW satellites, matching both the radial distribution and number (see Section 3.4 for details on matching the radial distribution/abundance), and M star > 0 (radial matching is not applied in the final row, M star > 0). For comparison, the result for the MW satellite system is shown in black, with a dashed curve, in each panel. The different simulated systems are shown with different colors, with the shaded regions corresponding to the 16 − 84% confidence intervals. The horizontal black dashed line corresponds to the isotropic case β = 0. The dip in the β(r) profile for simulated systems is more prominent as the strength of the stellar disc increases (left to right), but also as the simulations are convolved with the observed MW radial distribution and abundance of satellites (first three rows, top to bottom).
as subhaloes are more likely to be on their first infall (Diemand et al. 2004; Navarro et al. 2010) . Additionally, as surviving massive satellites pass near the stellar disc, both experience a torque and exchange angular momentum, likely inducing further circularization of the surviving satellite orbits Gómez 2018 ).
Our simulation results are consistent with this interpretation. When considering all subhaloes with V max > 5 km s −1 in the APOSTLE and Auriga suites (top row of Figure 7 ), the β(r) profiles for DMO and APOSTLE haloes, which have less massive central galaxies, are relatively constant with β 0. In stark contrast, the β(r) profiles for Auriga haloes have β −0.5 near the centre of the halo and increase to β 0 by ∼ 200 kpc. These results are similar when considering, instead, subhaloes that contain stars at z = 0 (bottom row of Figure 7) .
The Auriga simulations produce stellar discs that are massive, thin, and radially extended, like that of the MW, while APOSTLE forms less massive host galaxies with weaker discs. This distinction impacts the orbital distribution of subhaloes and results in the Auriga subhaloes showing a variation of β similar to that of the MW satellite system.
The radial distribution
This clean interpretation of a β(r) profile caused by the tidal field of the central galaxy becomes muddier when accounting for the observed radial distribution of the Milky Way satellites. We know the current census of satellites is incomplete both radially, due to surface brightness and luminosity selection effects, and in area on the sky, as less than half of the sky has been covered by surveys capable of finding ultra-faint satellite galaxies (Kim et al. 2017; Newton et al. 2018) . This results in a satellite sample that is more centrally concentrated than those found in M31 and in cosmological simulations (Yniguez et al. 2014; Graus et al. 2018 , however, see Li et al. 2018a , giving greater weight to satellites located closer to the centre.
We attempt to account for this by matching the abundance and/or radial distribution of simulated subhaloes with V max > 5 km s −1 to that of the MW satellites. Applying these corrections to simulated MW-mass systems tends to lower β estimates relative to when the full population is used (see Figure 7 , middle two panels). As a result, the inferred β(r) profiles for some DMO and APOSTLE haloes, which do not contain massive central galaxies, are consistent with that of the MW satellites. This is not to say that the impact of the central disc is not crucial to explaining the anisotropy of the MW satellite system. As shown in Figure 7 , for any given selection criterion applied to the subhaloes the dip in the β(r) profiles is most prominent for the Auriga host haloes, which have massive central discs. However, a more complete analysis of the MW disc's impact on the β(r) profile would require understanding the true selection function for the MW satellites. Knowing this selection function, combined with a more robust modeling procedure, would enhance future studies of the β(r) profile for the MW satellite galaxies.
Comparison with other tracers
Finally, it is interesting to compare our β(r) results with those using other tracers of the MW potential (see Figure 8) . Cunningham et al. (in preparation) used HST proper motions of N ∼ 350 halo stars in four different fields, spherically averaging to find β ∼ 0.5 − 0.7 over 15 < r < 40 kpc. This is higher than the values found in several other studies using line-of-sight velocities alone to constrain the anisotropy of the stellar halo, which tend to prefer isotropic or tangentially-biased β values (for a summary, see Figure 6 in Cunningham et al. 2016) .
Using MW globular clusters (GCs), Sohn et al. (2018) estimated β = 0.609 +0.130 −0.229 over 10.6 < r < 39.5 kpc with proper motions from HST while Watkins et al. (2018) found β = 0.48 +0.15 −0.20 over 2.0 < r < 21.1 kpc with proper motions from Gaia DR2. These two values suggest a trend for the GC orbits to become more radially-biased with increasing distance. Indeed, Vasiliev (2018) modelled β(r) for the MW GCs using a distribution function-based method in action/angle space and found a steady increase from β ∼ 0.0 at 0.5 kpc to β ∼ 0.6 at 200 kpc (see Figure 7 of Vasiliev 2018), consistent with these other results.
The dip in the β(r) profile for the MW globular cluster system detected by Vasiliev (2018) is qualitatively similar in shape to what we find for the MW dwarf satellites, but is very different both in characteristic radial scale and in overall amplitude. At r > 100 kpc the inferred values of β are similar. It is possible that both the globular clusters and stellar halo are remnants of stars previously attached to subhaloes on radial orbits, which are preferentially destroyed by the stellar disc, and maintain the anisotropy of their progenitors (see Bullock et al. 2001; Bullock & Johnston 2005; Bell et al. 2008 for halo stars; Peebles 1984; Moore et al. 2006; Boylan-Kolchin 2017 for globular clusters). This potential connection between different tracers of the MW β(r) profile merits further modeling, possibly with a joint analysis of Milky Way halo stars, globular clusters, and dwarf galaxies.
SUMMARY
In this work we have analysed the kinematics of 38 Milky Way satellites focusing on an estimate of the velocity anisotropy parameter, β, and its dynamical interpretation. Utilizing the latest satellite proper motions inferred from Gaia DR2 data, we modelled β using a likelihood method and, for the first time, estimated β(r) for the MW satellite system. We then compared these results with expectations from ΛCDM using the APOSTLE and Auriga simulation suites. A summary of our main results is as follows:
• The MW satellites have overall tangentially-biased motions, with best-fitting uniform β = −1.05 +0.39 −0.49 . By parametrizing β(r), we find that the anisotropy profile for the MW satellite system increases from β ∼ −2 at r ∼ 20 kpc to β ∼ 0.5 at r ∼ 200 kpc, indicating that satellites closer to the Galactic centre have tangentiallybiased motions while those farther out have radially-biased motions.
• Comparing these results with the APOSTLE and Auriga galaxy formation simulations, we find that satellites surrounding the massive and radially extended stellar discs formed in Auriga have similar β(r) profiles to that of the MW, while the weaker discs in APOSTLE produce profiles that are similar to those from DMO simulations. This suggests that the central stellar disc affects the β(r) profile of the MW satellite system by preferentially destroying radial orbits that pass near the disc, as discussed by Sawala et al. (2017) and Garrison-Kimmel et al. (2017b) .
• However, when matching the radial distributions of simulated subhaloes to that of the MW satellites, some of the inferred β(r) profiles for APOSTLE and even DMO haloes also can match the MW data. This implies that the partial sky coverage and the increasing incompleteness with distance of the currently available satellite sample significantly impair the ability of our scheme to robustly estimate the true β(r) profile.
The difficulty in interpreting the inferred β(r) profile may also be alleviated by more fully exploring the Milky Way's virial volume. Newton et al. (2018) hyper-faint (−3 < M V 0) satellites within 300 kpc that are detectable. At least half of these satellites should be found by LSST within the next decade.
Obtaining proper motions for these faint and distant objects will be challenging but clearly possible, given the results already obtained for 7 satellites fainter than M V = −5 and farther than d = 100 kpc. Furthermore, since the precision in proper motion measurements grows as the 1.5 power of the time baseline, the satellite proper motions from Gaia should be a factor 4.5 more precise after the nominal mission and possibly a factor 12 more precise after the extended mission (F18). With this improved dataset, future studies will be less limited by observational selection effects and be able to study in greater depth the impact of the central stellar disc on the β(r) profile of the Milky Way satellite system. Part of the simulations of this paper used the SuperMUC system at the Leibniz Computing Centre, Garching, under the project PR85JE of the Gauss Centre for Supercomputing. This work was supported in part by the UK Science and Technology Facilities Council (STFC) ST/P000541/1. This work used the DiRAC Data Centric system at Durham University, operated by the ICC on behalf of the STFC DiRAC HPC Facility (www.dirac.ac.uk). This equipment was funded by BIS National E-infrastructure capital grant ST/K00042X/1, STFC capital grant ST/H008519/1, and STFC DiRAC Operations grant ST/K003267/1 and Durham University. DiRAC is part of the National E-Infrastructure. Table A1 . Properties of the satellites used in this analysis: RA, Dec, absolute magnitude, heliocentric distance, line-of-sight velocity, proper motion from Fritz et al. (2018) , proper motion for the "gold" sample described in Section 2.2, and study used for the "gold" PM. 
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